Green chemistry and engineering seek to maximize efficiency and minimize health and environmental hazards throughout the chemical production process. This review demonstrates how green chemistry principles and metrics can influence the entire life cycle of a chemical from design through disposal. After reviewing essential metrics and recent advances in the field within this context, we consider the case of nanotechnology. As an emerging field, nanotechnology provides an instructive framework to consider the influence and application of green chemistry. Interdisciplinary innovation guides both fields, and both seek to transform the nature of technology. The applications and implications of emerging green technology are discussed, and future opportunities for interdisciplinary collaborations are highlighted.
INTRODUCTION
"Green chemistry" is defined as "the design of chemical products and processes that reduce or eliminate the use and generation of hazardous substances" (1, p. 11) . Green chemistry seeks to reinvent the production and use of chemicals in our society so that they are inherently safer and more efficient (2, 3) . This focus aligns with the broader sustainability movement and the terms sustainable/green chemistry are often used interchangeably. 1 It has been widely recognized that a transition to a sustainable society necessitates significant changes in resource and energy consumption. To efficiently use limited resources, both transmaterialization and dematerialization must occur. Transmaterialization is the process of shifting away from hazardous and nonrenewable resources toward safer and/or renewable or reusable materials. Dematerialization seeks to minimize the material and energy inputs to society while maintaining its prosperity. These broad shifts seek to avoid the environmental and human health hazards associated with resource and energy consumption. Future chemicals and processes should have physical, chemical, and toxicological properties that allow safe handling and disposal. Green chemistry aims to accomplish this through the rational design of chemicals and processes according to a set of principles and metrics identified during the past few decades. To achieve the full potential of green chemistry, a coordinated transformation of many social, political, economic, and technological factors must occur.
Green chemistry provides an intellectual and technological framework that advances both transmaterialization and dematerialization strategies within the chemical enterprise. The principles of green chemistry along with other sustainability metrics help identify opportunities for innovation. Green chemistry ensures that new technologies minimize unintended hazards and provides insights into the implications that new technologies have. By considering both the applications and implications for new technology, green chemistry stands apart from other technological trends that focus almost exclusively on application. This perspective promotes interdisciplinary 1 The term green chemistry is used commonly by academics because of the historical development of the field. The term sustainable chemistry is often preferred by industry as a way to distinguish technological innovation from the potential political overtones of the word green.
design and development of new technologies that embody principles of sustainability.
Historical Context
The green chemistry movement started over two decades ago. Initial motivation for redesigning chemicals and chemical process came from the pollution prevention legislation in the early 1990s authored by the Environmental Protection Agency (EPA) (4) . This legislation clearly articulated a shift toward inherently safer and sustainable chemicals as being the best pollution prevention strategy.
EPA: Environmental Protection Agency
Key early support of green chemistry came from the U.S. Presidential Green Chemistry Challenge Awards established in 1995 (5), the Green Chemistry Institute founded in 1997 (6) , and the publication of the inaugural issue of the Royal Society of Chemistry journal, Green Chemistry, in 1999 (7) . The publication of Green Chemistry: Theory and Practice (1) in 1998 clearly explained the 12 principles (see Table 1 ) of green chemistry and helped provide a coherent vision for the emerging green chemistry movement. Although seemingly intuitive, the formulation of these principles helped chemists and chemical engineers understand how principles of sustainability could be applied to their research.
Drivers for Green Chemistry Adoption
The adoption and development of green chemistry has been catalyzed by the formulation of principles and metrics that guide the design of sustainable chemicals. Key examples include the following: atom economy (8, 9), environmental factor (E-factor) (10), the 12 principles of green chemistry (1), principles of sustainable chemistry (11, 12) , and 12 more principles of green chemistry (13) . Other design and engineering metrics were also developed including the 12 principles of green engineering (14) , cradle to cradle design (15, 16) , natural capitalism (17, 18) , and design for the environment (19) . These metrics share a common vision that chemistry should be developed in a manner that seeks to maximize efficiency and minimize health and environmental hazards throughout every stage of a chemical's life cycle. The proliferation of metrics allows researchers, business people, and politicians to each characterize progress toward meeting sustainability goals. The various stakeholders often prioritize aspects of green chemistry according to their own needs and choose metrics accordingly. Although enabling the spread of green chemistry ideas, the diversity of metrics can confuse the interpretation of greenness claims. Recent press and marketing campaigns extolling promises of green jobs and the green economy complicate matters, bringing a new wave of greenness claims that will need to be examined carefully.
Two things should be remembered when evaluating a greenness claim: (a) There is always room for improvement, and (b) every metric needs a baseline. Creating safer, more efficient technologies is an iterative process, whereby each innovation improves on previous technology. As a result, there can be greener chemicals, but the claims of a green product should be carefully scrutinized. To lend credibility to improvement claims, such claims should always be referenced to a baseline and should be quantifiable. Specific examples of greenness metrics are discussed in more detail below as they relate to the design of chemicals.
Economic drivers.
Green chemistry tools and metrics have allowed businesses to start evaluating their products and processes within the context of a "triple bottom line," which incorporates economic, environmental, and social factors into the decision making process (20) . Green chemistry provides metrics to evaluate the efficiency, environmental, and health impacts of new technology. Under conditions of good protection rules for health and environment, green chemistry clearly makes economic sense. In spite of the capital barrier to changes, there are a growing number of academic and business studies that demonstrate the profitability of green chemistry initiatives (21, 22) . The cost savings generated by these initiatives can be explained by decreasing costs associated with waste removal, protective equipment, regulatory compliance, decreased liability, and manufacturing security (3).
The U.S. government recently reported that the cost associated with safety and environmental regulation compliance is as high as 4% of gross domestic product across all manufacturing sectors (23) . Green chemistry guides the creation of inherently safer chemicals that will necessitate fewer manufacturing safety controls. Further cost savings could be realized if regulations provided an advantage to green chemistry solutions used to meet regulatory compliance. For example, inherently safer chemical alternatives could have a fast-track approval process, making them more attractive to chemical companies and formulators. The development of green chemistry and sustainable business practices in industry have begun to challenge the myth that investing in green technologies is too costly to be competitive.
Health and safety drivers.
Green chemistry has been hailed by politicians and public interest groups as a solution to chemical hazards in consumer products and the environment. These groups see the promise of "benign by design" as the solution for eliminating the toxic chemicals that are sometimes found in consumer products. As both the federal and state governments in the United States consider chemical policy reform, green chemistry has been identified as a key tool for comprehensively addressing the current weaknesses in chemical regulation (24) . By placing green chemistry and safe chemical design at the center of policy reform, advocates hope to avoid chemical-by-chemical regulation, which has led to regrettable substitutions of one hazardous chemical for another.
Research drivers.
Green chemicalbased innovation has produced numerous successes for research and development operations. The rate of patent applications and the number of new green technologies emerging have been increasing (25) (26) (27) . The growth in green chemistry patents over the past 15 years has largely been driven by industry, which capitalized on the cost savings brought by increased efficiency and the minimization of hazardous waste. Green chemistry patents have been filed by a wide array of both chemical producers and chemical users, demonstrating the need for innovation throughout the supply chain. The broad appeal of new cleaner technologies has spurred academic research as well, and academic literature describing green chemistry has seen similar growth.
Many technological breakthroughs guided by green chemistry have occurred in the past 15 years, and there are a number of literature reviews that highlight this work (2, 3, 14, 28) . The purpose of this review is to put these technical breakthroughs in the broader context of interdisciplinary work concerning the environment, energy, and resources. To do so, this review is organized along the chemical production life cycle: design, raw materials, manufacturing, use, and end of life. At each point, significant advances and opportunities are discussed. The application of green chemistry to the concomitantly emerging field of nanotechnology is used to highlight how green chemistry can influence technology development.
APPLYING GREEN CHEMISTRY
Green chemistry is a design philosophy. The design stage of a new chemical or process is the most appropriate and critical stage to engage in green chemistry. During the design phase of a new chemical or product, the scope of possible innovation ranges from incremental or superficial design improvements to completely redesigning the system of productiona much deeper form of innovation. Consider the following design problem: The electronics industry wants to remove a toxic flame retardant from circuit boards without sacrificing performance or function (29) . See Figure 1 .
Drop-in replacements like tetrabromobisphenol-A (TBBA) meet the stated goal but introduce other safety concerns. The safety profile could be improved by polymerizing the TBBA, immobilizing the chemical. This decreases the exposure potential while continuing to use chemicals of concern during the manufacturing process.
Deeper innovation, requiring significant technological redesign, could design away the The innovation possibilities for replacement of toxic brominated flame retardants in circuit boards. This figure shows the range of possible solutions available to the electronics industry as they remove pentabromodiphenyl ether (PBDE) and related polybrominated biphenyls (PBBs) from circuit boards. There are many potential solutions ranging in complexity, cost, and potential impact. Reprinted and adapted from Reference 29 with permission.
LCA: life-cycle analysis flammability potential in circuit boards. For example, inherently safer mineral-based flameretardant chemicals could have been used. Unlike the drop-in replacements discussed in Figure 1 , these new materials would have required significant changes in the manufacturing process. Decreasing the operating voltage of the circuits on the board creates the potential to remove the source of the flammability hazard and eliminates the need for an added flame retardant. It also requires redesigning the circuits rather than the circuit board. Although this solution requires the largest investment, it also has the largest potential payoff. Reducing the operating voltage of the circuits potentially removes the flammability hazard, decreases the energy consumption, and increases the product durability.
All possible innovation, from superficial to deep, should be considered during the design process. There are advantages to each approach. Often, simple innovations can be readily adopted on a short timescale, meeting immediate goals without significant research and development investment. Deeper innovation takes more resources but has potentially greater economic and sustainability benefits. The immediate appeal of innovation by simple material substitution is also complicated by potential unintended consequences associated with drop-in replacements. These include changes in product performance or shifting the toxicity burden from one pathway to another, resulting in a different harmful outcome.
Sustainable innovation is catalyzed by interdisciplinary collaboration during the design process. If you ask a chemical engineer how to solve the flame-retardant problem, the solutions may all be related to chemical substance substitutions. Electrical and mechanical engineers might adopt a heat dissipation technology, and materials scientists may consider modifying the resins in the circuit board. Each idea should be thoroughly considered before resources are allocated. This is only possible in multidisciplinary design teams. The advantage of interdisciplinary teams goes beyond manufacturing design to the design and implementation of technology in the academic setting. A recent study quantified the productivity of interdisciplinary research collaboration. This study demonstrated that interdisciplinary teams publish more than research teams without interdisciplinary collaboration (30) .
The circuit board example demonstrates the importance of design. The design phase determines much of a product's final cost and environmental impacts (Figure 2 ). In fact, over 70% of costs are committed during the initial design of a product (31) . These social and environmental costs are not incurred until much later in the chemical life cycle. The majority of costs are incurred during the manufacture, use, and disposal stages. Figure 2 underscores the importance of considering environmental and health effects during the initial design period, despite the fact that these impacts are associated with the later stages of commercialization.
Design Tools for Green Chemistry
During the design phase, innovators must be able to rapidly compare competing ideas on the basis of their sustainability profiles. A number of tools have been introduced to aid the evaluation of chemicals, processes, and product life cycles. Many of the early adopters of green chemistry created metrics that focused on particular aspects of the design process. These metrics can be grouped into three categories: materials efficiency, energy efficiency, and toxicity. Such metrics are most useful for evaluating individual chemicals, chemical reactions, or single-step chemical processes. To evaluate product life cycles, systems thinking approaches are needed. Although many tools exist, two of the most commonly used frameworks in green chemistry are the 12 principles of green chemistry (1) and life-cycle analysis (LCA) (32, 33).
Materials efficiency.
Chemists are most familiar with materials efficiency metrics (see Figure 3) . The first metric they learn is reaction yield, which is calculated by dividing the The four most common materials efficiency metrics, described in Section 2. refers to the summation of the components.
amount of the product obtained by the maximum amount that could have been obtained if there were complete conversion of the starting material into product. This metric neglects to account for any of the excess reagents, solvents, or auxiliary inputs to the chemical reaction. The concept of atom economy (8) partially addresses this issue by considering the total amount of all reagents (not just the starting material) that contributes to the product. Atom economy is calculated by dividing the molecular weight of the desired product by the summed molecular weights of all of the reagents. A calculation of atom economy assumes complete conversions of the reactants into products (i.e., 100% yield) and neglects to include the contribution of solvents and auxiliaries. The reaction mass efficiency is a more holistic metric that incorporates both atom economy and reaction yield by dividing the mass of the desired product by the sum of the masses of all of the reactants. By using the actual masses of reactants rather than their molecular weights, this metric captures the atom efficiency as well as the reaction efficiency. Even though the reaction mass efficiency still neglects contributions by solvent or auxiliaries, it has become widely used by industrial chemists as a quick evaluation for chemical procedures (34) .
The first metric to account for the contributions of solvents and auxiliaries was the E-factor (35) . The E-factor is derived by dividing the total mass of waste by the mass of product. The E-factor was first used to quantify the large amount of waste being generated by various sectors of the chemical industry. Unlike yield and atom economy, the E-factor can be calculated for an industrial process as a whole as well as for individual chemical reactions. The broad scope and simplicity of the E-factor have made it an oft-cited metric. A similar metric, mass productivity, expresses the same concept as a percentage, making it easier to compare with the other materials efficiency metrics.
The utility of the various materials efficiency metrics was evaluated within the context of drug synthesis (34). Constable et al. (34) concluded that the reaction mass efficiency and mass productivity were the most valuable metrics for driving business adoption of greener processes because they made sense to both scientists and business leaders.
Energy efficiency.
Energy efficiency is a central theme in the sustainability movement as well as one of the central tenets of green chemical design. The overall energy consumption in the chemical industry was recently quantified. Chemical manufacturing typically consumes 25%-30% of the total energy used by the manufacturing sector in the United States. This represents significant energy consumption, about 5% of all U.S. energy use. For example, in 1994, chemicals production consumed 5.1 EJ (Exa joules) of energy and produced the equivalent of 282 Mt (megatons) of CO 2 emissions (36) .
Opportunities for reducing energy use and CO 2 emissions exist in most chemical manufacturing processes. For example, processes that operate at or near room temperature and atmospheric pressure require much less energy. Materials with lower-embodied energy (i.e., recycled or reclaimed material) and/or high biological content could be used to reduce overall energy consumption throughout their life cycle. This is particularly true when products are designed so that their embodied energy can be partially recovered at the end of life, either through reuse or efficient, nontoxic incineration coupled with energy generation.
Green chemists have also developed alternatives to conventional heating methods for chemical reactions; these include microwave irradiation and sonochemical methods. These methods have the potential to reduce the amount of energy consumed. They have also enabled the discovery of new reaction pathways and processes (37, 38) .
Traditionally, the energy efficiency of processes is optimized after a chemical process has already been developed. If energy is only considered after the development phase has been complete, many of these potential efficiencyimproving technologies discussed cannot be applied. The authors of this review believe that energy consumption should be considered during the research and development phase, and more techniques to improve the energy use profile of chemical manufacturing are needed.
Toxicity.
Understanding the potential hazard associated with a chemical or product is essential for successful green chemical design. Ideally, chemicals would be comprehensively screened for potential toxicity using structurefunction relationships before being produced. The current state of the art is not this advanced, but recent developments in predictive toxicology and quantitative structure activity relationships are making predictive tools more available to molecular designers (39) .
Traditional toxicology relies on a "kill and count" methodology to assess acute toxicity, where increasing doses of a signal chemical are administered to model animals (rat, mouse, rabbit, and others) until the animals die. The dose at which 50% of a test population dies is considered the median lethal dose . Although the lethal dose may be a useful measure of a chemical's acute toxicity, many of the current concerns in chemical production arise from other toxicity end points. Current producers and consumers are concerned with chemicals' carcinogenic, mutagenic, endocrine disrupting, persistence, and bioaccumulation potentials. These end points are species and environment specific and require a much greater understanding of the chemical and biological processes occurring at the molecular level.
Many of the chemical toxicity resources currently available to scientists and engineers were recently reviewed by Voutchkova et al. (40) . The emerging technologies in toxicology are rapidly producing a large amount of pathwayspecific toxicological information. The ability for toxicologists to collect and interpret information about gene-and protein-level interactions with toxic substances (toxicogenomics) provides detailed information about many human and environmental health end points. Some of this information is freely available online in a variety of public databases including PubChem (40a) and the EPA's ACToR (40b). This information is also being used to develop more robust predictive tools (41).
In addition to detailed toxicological information, there are a number of easily measured or modeled chemical properties, which can be used to help predict a chemical's fate in the environment. Programs like the EPA's PBT profiler (42) , ToxCast (42a), and CalTOX (43) use calculated partition coefficients, vapor pressures, solubility, and others to estimate the persistence, bioaccumulation, and toxicity profiles of many organic chemicals. These programs are easy to use and provide a good starting point to evaluate and compare hazard profiles for related organic compounds. Another more recent analysis correlates molecular properties, including size, shape, flexibility, solubility, and electronics, to molecular toxicity (41). By starting with readily quantifiable molecular attributes, these methods make it easier for chemists to consider the hazard potential of a new chemical much earlier in the design process.
Comprehensive design metrics.
Consumer, regulatory, and business interests generate a demand to define particular chemicals or products as green or not green. Given the diversity of metrics available, this is not a straightforward process. Binary green/not green categorizations can be misleading because (a) they discount the necessity of continuous improvement and (b) assume that all end users value various green criteria in the same way. A number of comprehensive metrics have been developed that seek to quantify and/or compare chemicals using an array of sustainability factors. These include the 12 principles of green chemistry, LCA, cradle to cradle, and design for environment. The two most commonly used by academic researchers are the 12 principles of green chemistry and LCA.
The 12 principles of green chemistry were first developed by Anastas & Warner (1) . Both were trained as organic chemists, and the 12 principles sought to translate the broad concepts of sustainability into practical advice that chemists could use while developing new chemicals or processes. The 12 principles (Table 1) address all aspects of chemical reactions from chemical feedstocks (principle 7) to end-of-life considerations (principle 10). They give practical advice concerning the selection of reactants (principle 9), solvents (principle 5
In general, the principals promote a safer (principles 3, 4, and 12) and more efficient (principles 1 and 2) approach to chemistry. Rather than a set of quantifiable metrics, the 12 principles of green chemistry embody a design philosophy for chemical synthesis most useful to chemists and engineers creating new products and processes.
In contrast LCA is a well-defined set of quantifiable metrics used to evaluate the environmental impact of a product. The LCA methodology is outlined in the International Standards Organization (ISO) protocol 14040 (44) . A LCA consists of four activities: (a) definition of goals and scope; (b) inventory analysis; (c) impact assessment; and (d ) interpretation. By evaluating production processes against many metrics, LCA helps prevent unintended burden shifting. LCAs rely on data that are often only available for high production volume chemicals or for products of concern that have been thoroughly studied (32) . LCA is well suited for rigorously comparing existing alternatives, whereas the 12 principals are better applied to the development of new technologies.
Both of these comprehensive design metrics incorporate materials efficiency, energy efficiency, and toxicity considerations. They also address product degradation and various environmental impacts. To fully evaluate a chemical or process using either LCA or the 12 principles of green chemistry, large amounts of data are needed. For many chemicals, some of the required data are missing, necessitating assumptions that reduce the accuracy of the metrics. Although a complete evaluation of chemicals helps designers to make choices, each method gives different results.
A recent article compares the results of LCA to the 12 principles of green chemistry for 12 different polymers (45) . As seen in 
Raw Materials for Green Chemisry
Traditionally, chemicals have been made from petroleum feedstocks. Although chemical production only accounts for 3%-5% of petroleum consumption, petroleum sources represent over 98% of chemical feedstocks (46, 47 Petrochemical feedstocks provide very simple hydrocarbons, which chemists have learned to make more complex. Natural feedstocks are inherently different. They are complex molecules, and chemists are still developing elegant ways to efficiently transform them into useful products (48) . The idea of a biorefinery, which could take biomass and postconsumer waste and turn it into fuels (49) and other chemical products (46, 50) , has been suggested by many researchers as an important path toward chemical sustainability. Figure 4 outlines the potential materials flow through a biorefinery. Like a traditional petroleum refinery, a biorefinery maximizes materials utilization through many parallel processes. An ideal biorefinery uses all input mass to produce biofuel or chemical feedstock material.
Future biorefineries are envisioned to integrate the conversion of biomass into both fuels and fine chemical products in one facility (51) . The conversion of biomass to products usually proceeds either through a biological pathway or a thermochemical pathway. Biological pathways use fermentation or other natural forms of biomass conversion to turn raw materials into simpler chemicals (see Figure 4) . Then, these molecules can be used directly as fuels or feedstock, or they can undergo further chemical modification to make materials or fine chemicals (51) .
Thermochemical pathways use heat and controlled amounts of oxygen or steam to produce syngas. This mixture of carbon monoxide and hydrogen can be converted into petroleumlike feedstocks. The gasification of biomass can be accomplished on a wide range of both virgin and waste streams, making the process attractive. Because the products are similar to petrochemicals, many researchers see this as a viable option in the short term. Unfortunately, this method uses a significant amount of energy to produce the syngas, and it also destroys the potential chemical complexity of the feedstock, two aspects of the process that do not comply with the 12 principles of green engineering (52).
Manufacturing with Green Chemistry
Although green chemistry encourages innovation throughout the chemical supply chain, the greatest advances in the past 15 years have been related to chemical production. This is natural, given that the training of chemists focuses on techniques for molecular manipulation. The scope, precision, and sustainability of these transformations continue to rapidly improve. For the sake of this review, we focus on a few classes of chemicals and processes where recent research has been influenced by green chemistry. Nobel committee recognized the importance of palladium-catalyzed cross-coupling reactions in chemical synthesis. This recognition underscores the importance of catalysis. Recent trends in green catalysis include catalysts that are recyclable, catalysts made using abundant nontoxic metals, and biocatalysis. Catalysts by their very nature improve efficiency, and waste can be further reduced if the catalysts are immobilized on a solid support. In addition to reducing waste, these recyclable catalysts present significant reductions in cost and hazard by removing the expensive and potentially toxic metals from the chemical waste stream. Catalysts have been successfully supported on inorganic surfaces (53, 54) as well as on polymer surfaces (55) . Inorganic mesoporous and nanomaterials have also been shown to be effective on their own as catalysts for many reactions (56) .
Biological systems rely on catalysts, in the form of enzymes, for the majority of chemical transformations. Recent advances in our understanding of proteomics have allowed chemists to harness and tailor many of these enzymes to perform desired chemical reactions (57) . The use of enzyme-based catalysts in chemical processes has been termed biocatalysis. Biocatalysis encompasses whole-organism processes, such as fermentation, isolated enzymes used in chemical reactions, and chemically or genetically modified enzymes. Computer modeling (58) and directed evolution (59) are two of the many techniques that have been used to rapidly develop efficient enzymes for chemical reactions (57) . Biocatalysis is becoming a vibrant area for the research and development of new catalysts because of the dual advantages of sustainability and increased selectivity. Biocatalysis exemplifies interdisciplinary collaboration leading to important developments in green chemistry, and it is expected to grow substantially in coming years (57).
Solvents.
Solvents often contribute the greatest adverse impact to the LCA of chemical reactions and processes (60) . When possible, the elimination of solvent is the greenest alternative. The removal of solvents from reactions can be aided using alternative types of heating. For example, microwave irradiation has effectively promoted a number of reactions without the addition of solvent (37) . Solventless reactions have also been enabled using eutectic mixtures and ball milling technologies (61) .
For reactions requiring solvent, a number of alternative green solvents have been developed (61) . The major classes of alternative solvents include ionic liquids, supercritical CO 2 /gasexpanded liquids, switchable solvents, and renewably sourced solvents. Green solvents are designed to minimize or eliminate exposures to volatile organic compounds, which contribute to air pollution, flammability hazards, and adverse human health effects. To promote the adoption of alternative solvents in industry, tools have been developed to aid in the solvent selection process (62) see Table 3 . These tools help chemists quickly identify safer alternatives for many of the common hazardous solvents.
Some green solvents have the added benefit of being optimized for product isolation. Supercritical CO 2 can be removed by changing the pressure of the reactor, leaving only the products of the reaction (63) . Similarly, the use of switchable solvent has been shown to aid in the precipitation of products at the completion of the reaction (64) . By designing a solvent that functions well for both the reaction and the separation steps, there is a potential to save both waste and energy, making these more exotic solvents more attractive.
Separations.
The isolation of a pure product is paramount for the production of fine chemical products. Many techniques for the isolation and purification of chemicals use large quantities of solvent and energy. Developments in pervaporation membranes have yielded high-purity chemicals with low energy consumption (65) . Micro-or nanostructured membranes have also been developed to improve the isolation of catalysis, metals, polymers, and other by-products from reactions (66) . Improvements in membrane technology will enable greater product isolation, decreased energy use, and cleaner waste streams, as well as improve water treatment.
Chemical Use
Chemical users have a tremendous potential to drive change in the chemical industry. Most chemicals are not sold directly to the public; rather chemicals are essential components of business supply chains. A single consumer product often contains or was made using many different solvents and chemicals. Traditionally, information about chemical identities and hazards associated with chemicals are not effectively shared through the supply chain. Recent consumer demand for safer and more sustainable products, coupled with increased regulatory scrutiny, has caused businesses to seek greener chemicals and processes throughout their supply chains. Some of the key drivers of this shift include decreasing liability, increasing market share, responding to chemical regulations, responding to voluntary initiatives or incentive programs, and responding to public awareness (67) . Because most chemical users do not develop their own chemicals, their approach to green chemistry naturally involves assessing alternatives. Like the comprehensive design metrics discussed above, alternatives assessment methods evaluate chemicals or design options against multiple factors. Chemicals need to meet product performance and price constraints as well as perform well against greenness metrics. A number of tools have been developed to help businesses and other chemical users evaluate chemicals and their alternatives (67) .
The prerequisite for using any of these tools is obtaining full ingredient disclosure from all chemical and product suppliers. Some programs like the EPA's Design for the Environment (67) and CleanGredients (67) have tried to streamline this process by acting as third-party accrediting agencies, which evaluate chemicals under nondisclosure agreements and then make a summary of the results publicly available. Although third-party evaluation is valuable when available, it cannot currently be relied on to supply all of the information necessary to evaluate materials throughout a business supply chain. Changes to regulations regarding confidential business information or greater support for third-party evaluation are necessary before many products can be evaluated.
In the face of these constraints, businesses have adopted two complementary strategies. The first begins by using publically available authoritative lists of hazardous chemicals and by making a restricted substance list. A restricted substance list can be distributed to suppliers, allowing companies to dictate what chemicals are not included in their supply streams. Companies can also distribute solicitations for the inclusion of preferred substances. The restricted and preferred substance lists can influence sustainability choices throughout the supply chain (67) .
When information is available for a particular class of chemicals, alternative assessments can be accomplished. Through a partnership between the EPA Design for the Environment, CleanGredients, and the National Science Foundation, the surfactants and cleaning products used by janitors in King County, Washington, underwent an alternatives analysis. This process resulted in the identification of safer alternatives, which reduced both health and environmental hazards associated with cleaning products (68) . Although this evaluation took a significant investment in time and resources, it can now be easily applied to other municipalities or janitorial companies with relatively little additional effort.
End of Life for Chemicals and Products
Chemicals and products should be created so that they degrade or can be reused at the end of their useful life. For most organic chemicals, this means that, at the end of life, naturally occurring processes, including hydrolysis, photolysis, and enzymatic degradation, should be able to break the chemical down. The design of biodegradable small molecules has been reviewed by Boethling and coworkers at the EPA (69). The review includes rules of thumb that can qualitatively guide chemical evaluation. In general, water-soluble compounds break down faster, especially those containing hydroxyl, ester, carboxylic acid, aldehyde, or ketone groups. For hydrophobic compounds, it is preferable to have linear structures, especially >4 carbon chains, rather than aromatic or branched structures. Finally, quaternary carbons and halogen substituents should be avoided because they are associated with slow biodegradation.
For some inorganic or highly engineered materials, natural degradation is either impractical or undesirable. Products with these materials should be designed so that the materials can be easily reclaimed and recycled (15, 52) . The proliferation of electronic devices has led to a significant waste disposal issue. The known toxic materials in electronics have resulted in ewaste being classified as hazardous under the Basel Convention. A closer look at this waste stream reveals a great opportunity for recycling. Over half of the material in e-waste is metal, which has the potential to be recycled. However, about 2.5% of the material in the waste stream consists of known toxins, including lead, cadmium, and brominated flame retardants (70) . Unfortunately, these materials are not easily separated, and the conditions found in current recycling facilities produce unacceptably high exposures to these toxic compounds. Many of these residual toxic chemicals are then released into the air and water, adversely effecting the surrounding population and environment.
New initiatives and regulations promoting extended producer responsibility have been driving innovation in product design to streamline the reuse, recycling, and safe disposal of consumer goods. The European Union directive 2000/53/EC (71) stipulated minimum reuse and recovery rates for vehicles. This program will eventually mandate a 95% reuse and recovery rate by mass in 2015. Even though advances in shredding technology have allowed the current standards to be met without significant redesign, the 95% standard has spurred European car companies to design cars for greater ease of disassembly (71) . By designing products that are more easily disassembled, exposure to toxic chemicals during the recycling process can be reduced.
Need for Collaboration
There are many drivers of green chemistry. The promotion of greener chemicals and processes necessitates collaboration and communication between scientists, engineers, business leaders, politicians, and the public. Designing across the life cycle of a chemical product requires many types of technical knowledge. Enabling green chemical policies and markets necessitates the inclusion of nontechnical experts and advocates. Effective communication between these stakeholders can be challenging because they use different technical terms and maintain different vested interests, but the design and production of greener products depend on the ability of these groups to communicate.
Collaboration can be promoted with the creation of interdisciplinary research centers. Interdisciplinary research centers promote collaboration by including all of the stakeholders (industry, government, academic, and advocacy groups) in discussions concerning the future of chemical development. By identifying key issues and then supporting innovation, applicable technological solutions can be rapidly developed. The American Chemical Society pharmaceutical and formulator roundtables are good examples of innovation hubs where industry leaders collectively identify challenges and help fund research that advances green chemistry solutions. The new technology is then made available to all of the roundtable members and eventually to the public through peer-reviewed publications (72) .
Another example of recent success in multistakeholder collaboration is Green Center Canada (72a), an interdisciplinary academic center that evaluates both the technological and business potential of university inventions. When promising technologies are identified it helps academic researchers partner with industry to pursue the commercialization of green products and services. The authors believe that a collaborative model will bolster the market for green chemistry solutions in the future.
CASE STUDY: GREEN NANOTECHNOLOGY DEVELOPMENT
Both nanotechnology and green chemistry have promised to do more with less, which will advance the dematerialization of technology. The development of nanotechnology occurred concurrently with the development of green chemistry. Innovation and practical technological applications have been hallmarks of both fields. Proponents of both technologies have promised to help address the challenges currently facing society. Nanotechnology has promised advances in catalysis, energy production, and human health by harnessing the novel properties of materials that occur at the nanoscale. Green chemistry has promised to address many of the same challenges by minimizing the adverse health effects of chemicals while maximizing the efficiency of their production.
From inception, nanotechnology has been driven by application, whereas green chemistry has sought to balance the benefits from applications of new technologies with the adverse implications that they may have for human and environmental health. Although nanotechnology has garnered significantly more government and industry support, advances in green chemistry are now well situated to help ensure that nanotechnology realizes its promise without regrettable implications owing to unintended hazards or negative public perception (73).
It is instructive to consider the current status of nanotechnology from a life-cycle perspective. We have highlighted areas where green chemistry has been integrated into nanotechnology as well as areas where the development of nanotechnology could benefit from a greener approach.
Design of Nanotechnology
Research groups and companies around the world are designing new products and processes that incorporate nanotechnology. This is the optimal time to consider how these processes can be made safe and efficient. Many of the same metrics that were discussed above can be applied to processes involving nanotechnology. Application of even simple design metrics can be very helpful as nanomaterials are considered for commercialization. For example, one study calculated E-factors for five different synthetic pathways to make gold nanoparticles. These www.annualreviews.org • Green Chemistrypathways had E-factors ranging from 200 to 96,400 kg waste/kg product (74) , highlighting the need for efficient nanomaterials syntheses, and the significant differences between current synthetic strategies.
The E-factor does not include any consideration of the potential toxicity of the reagents used in the synthesis. In the above example, the synthesis that used the most benign reagents, starch and glucose, had one of the highest E-factors (29,600 kg waste/kg product). The most mass-efficient synthesis used reagents with more significant health concerns. These trade-offs should be carefully considered through the application of comprehensive design metrics like the 12 principles. The 12 principles have be adapted for nanosynthesis by Dahl et al. in their recent review of greener nanotechnology (75); see Figure 5 .
Although many of the inputs for nanomaterial production are evaluated using the metrics already discussed, the nanomaterials themselves present new challenges. In particular, concerns surrounding human and environmental toxicity are beginning to draw attention from scientists, lawmakers, and consumers (73, 74). The same properties that impart novel reactivity could potentially also result in new hazards.
Evidence has shown that the toxicity of nanomaterials is dependent on a wide range of factors that cannot be easily generalized (76) . Toxicity pathways that rely on the production of reactive oxygen species are often material dependent, and bioavailability is often dictated by surface coating and/or surfaces charges (76) . New assays (77) and risk management models (78) for assessing nanoparticle hazards are being developed. Further support for research in this area is needed to guarantee the safety and social acceptance of nanotechnology in consumer products.
Raw Materials for Nanotechnology
Nanotechnology researchers have already begun incorporating some alternative chemical feedstocks into their synthetic strategies. Scientists have used natural products as reducing agents and nanoparticle coatings during the synthesis of nanomaterials. Starch, agar, proteins, sugars, tea extract, coffee extract, ascorbic acid, and even whole organisms have been used as reducing agents and nanoparticle coatings to synthesize nanomaterials (75) . The diversity of elements from which nanomaterials have been fashioned spans most of the periodic table. The next step in greening nanomaterial feedstocks needs to focus on the metal precursors. The metals used should, when practicable, be earth abundant and nontoxic. Additionally, care should be taken to use precursors that minimize hazard and embedded energy content.
Production of Nanomaterials
Greening the production of many of the common nanomaterials (Au, Ag, CdSe, ZnO, Fe x O y , TiO 2 , and carbon nanotubes) has already occurred. Many of the most acutely toxic reagents and hazardous solvents have already been replaced for more benign alternatives (75) . For example, initial reports for the production of gold nanoparticles used borane or diborane as the reducing agent in benzene as a solvent (74) . With a focus on commercialization, it was clear that less hazardous materials and methods were needed. A 2011ISI Web of Science R search for "gold nanoparticle synthesis" yields over 1,200 hits for the past 15 years. Many of these methods use much safer chemicals.
A number of synthetic strategies have been developed to improve nanoparticle production. These include using molten salt and hydrothermal, templated, sonochemical, and microreactor methods (75, 79) . Like other green chemistry methodologies, the application of these techniques enables safer, more efficient, and often novel chemistry.
The purification of nanomaterials remains a significant challenge in nanoscience. The chemical and physical properties of Showing the relationship between the 12 principles of green chemistry and the design and practice of greener nanoscience. The middle column summarizes the 12 principles as they apply to nanoscience. The numbers in square brackets refer to the relevant green chemistry principles, which are shown in an abbreviated form in the left-hand column. The right-hand column gives examples of each of the green nanoscience design principles as they are practiced. Reprinted from Reference 75 with permission.
www.annualreviews.org • Green Chemistry 287
nanoparticles prohibit many traditional methods for chemical purification. In general, nanomaterials cannot be distilled, recrystallized, or purified by chromatography. Some of the more common methods for purification, including dialysis, centrifugation, and filtering, are time and resource intensive. In an effort to improve purification, reduce solvent waste, and speed the dialysis purification, researchers have used a continuously flowing diafiltration instrument to improve selectivity and yield (80) . A similar flow technique designed specifically for colloidal separations, field flow fractionation, uses centrifugal force to separate various sized particles. Field flow fractionation has been used as both an analytical and preparatory technique for the separation of biological and inorganic nanoscale materials (81) . Given the similar size scales of proteins and nanoparticles, techniques for biological separation including electrophoretic (82) methods have also been adapted to nanoparticle purification. Unfortunately, these separation techniques are not easily scaled to the volumes needed for production. Additional practical and scalable methods are needed to minimize solvent and energy use. The advances in green synthetic techniques have given scientists many tools. Now the challenge becomes applying these tools throughout the discovery and synthesis of the next generation of nanomaterials. The most efficient synthesis will be accomplished when the need for auxiliaries, purification, and multiple surface functionalization steps are eliminated.
Use of Nanotechnology
The market for nanotechnology continues to grow, with an average annual growth rate greater than 30%. Some researchers project a $1 trillion market for nanotechnology by the year 2015 (74) . As the market continues to grow, consumers and regulators will demand a greater understanding of the potential hazards associated with nanomaterials. Manufacturers also demand high degrees of product uniformity and reliability. To meet these demands, new technologies for rapid characterization and screening of nanoparticles are needed (83) . The technology currently used to characterize nanomaterials relies on advanced microscopy techniques, which are time-consuming and often only characterize a few representative nanostructures. These techniques are expensive, time-consuming, and not easily adapted to the high-throughput requirements of the manufacturing setting. Additionally, microscopy is not suited for the identification of residual molecules or ions that may actually have a significant effect on the function and hazards associated with the mixture (83) . Changes from batch to batch can affect both product performance and health hazards. This bottleneck highlights the importance of analytical chemistry in promoting the adoption of new greener technologies and will continue to inspire innovation in coming years.
End of Life of Nanomaterials
Like their toxicity, the fate of nanoparticles in the environment is hard to predict. It is influenced by material composition and the nature of the nanomaterial surfaces (84) . The relationships between nanoparticles' physical properties and features (composition, shape, size, and coating) and their fate and degradation in the environment are still poorly understood. If these relationships could be understood, then the principles of green chemistry could be applied toward the design of safer nanomaterials.
To design around the current uncertainty, researchers have targeted biologically inspired bionanocomposite materials similar to abalone shells (85) . Even though this approach is not universally applicable, both application and implication benefit from using biology for design inspiration. The benefits of biological and biologically inspired materials have influenced both green chemistry and nanotechnology over the past two decades.
Lessons from Green Nanotechnology
Nanotechnology has focused on the development of new applications. In our opinion, the attention to rapid development of technology by researchers and funding agencies has somewhat overshadowed the need for understanding the implications of these new technologies. Application-based research has attracted significantly more funding, with only recent appropriations being made to understand the implications of these technologies (73, 74). By taking a green chemistry approach, some researchers have proactively demonstrated the potential for the acceptance and success of nanotechnology in the market place (75, 86) . The green chemistry framework helps provide an advantage to emerging technologies that promote both performance and safety.
Both nanoscience and green chemistry call for an interdisciplinary approach to research and development. The far-reaching applications for both technologies are clear. The potential synergy can be supported through the integration of green chemistry into the already existing interdisciplinary collaborations in nanoscience. This allows comprehensive design and analysis of nanomaterials to occur in collaborative atmospheres and includes an analysis of the environmental impacts of nanotechnology. The interdisciplinary Center for Environmental Implications of Nanotechnology has begun making this vision a reality (87).
FUTURE OF GREEN CHEMISTRY
Green chemistry and green engineering continue to grow, influencing scientists and engineers worldwide. The growing international community now includes educational and/or research initiatives in more than 25 countries. New technical journals, numerous international conferences, and emerging social networking sites for green chemistry have helped practitioners collaborate. Many of these collaborations are built around educating chemists about the potential benefits of green chemistry. In order for green chemistry to impact the way materials are produced, sustainability concepts need to be incorporated throughout the educational process.
Educational Efforts
Educational programs in green chemistry are being promoted by open-access models for curriculum dissemination, including many resources that are available on the Web. This is particularly important for the global dissemination of green chemistry curricula. The Beyond Benign Foundation (89), the American Chemical Society Green Chemistry Institute (90) , and the Greener Education Materials (91) Web sites all contain curricular material that has been developed and tested in classrooms. Although most of the available resources focus on chemistry education, new interdisciplinary programs are being enabled by campus-wide sustainability efforts. Interdisciplinary collaborations and learning opportunities can excite and engage even more people about the potential for green chemistry to meet the needs of society's pressing resource challenges.
Concluding Comments
Green chemistry is an iterative process. Applying the various metrics and principles of green chemistry helps identify better products, but there will always be room for improvement. This means that there are no green chemicals, only greener alternatives. This notion of continual improvement is natural and appealing to most scientists and academics but can cause some confusion among politicians, business leaders, and consumers, who often prefer definite answers. To avoid flawed policies, poor investments, and greenwashing campaigns, it is important for scientists and engineers to reach out to the public. They must explain both the applications and implications of emerging technologies.
Green chemistry takes the first step by getting scientists to consider both application-and www.annualreviews.org • Green Chemistryimplication-driven questions. The interdisciplinary interactions that arise from this holistic approach to technology development should encourage more effective communication with the public. We must take this opportunity to engage all of the public stakeholders because the success of any new technology ultimately rests with the public. 
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